procedures were approved by the University of Illinois College of Medicine at Peoria Institutional Animal Care and Use Committee review board. Leukemia was induced (n = 8 leukemic and n = 8 controls) as previously described (Nijmeijer et al., 2001) using CCL-119 cells (lymphoblasts from a pediatric acute lymphocytic leukemia patient, from ATCC) and equal volume of PBS for controls. Mice were housed in a barrier room with a 12-hr dark-light cycle, in cages (four mice/cage) with UV-treated shred bedding.
Water and regular chow were provided ad libitum. Fecal samples were freshly collected and pooled before inducing leukemia and for 4 weeks after induction twice a week ( Figure A1 ), and DNA was extracted using the QIAmp DNA Stool mini kit (Qiagen). Mice were sacrificed on the 5th week, small intestines were removed, and intestinal contents were washed with PBS. Three leukemic mice died on the 5th week before the end of the experimental period. Euthanasia was performed with cervical dislocation in anesthesia induced by 5% Isothesia in 1.0 L/min oxygen. The following humane endpoints were used for immediate euthanasia: severe weight loss (>15% from starting weight), body condition score 2, ascites, moribund condition, and dehydration. Body weight was measured twice a week. The mouse model was validated on mouse blood samples using TPOX in STR typing (Huang, Schumm, & Budowle, 1995) .
| Sequencing
The V4 region of the 16S gene was amplified using the 515F-806R primer pairs (5′-GTGYCAGCMGCCGCGGTAA -5′-GGACTACNVGGGTWTCTAAT) to characterize bacteria, and the ITS3-4 regions (5′-GCATCGATGAAGAACGCAGC -5′-TCCTCCGCTTATTGATATGC) were amplified to identify fungi using the Fluidigm assay. The amplicons were sequenced on a MiSeq instrument using 2*250 base pair paired-end reads. Picrust (Langille et al., 2013) was used to estimate functional profiling of microbial communities. No template control (water) and DNA extraction reagents were used as negative controls, and none resulted in amplification in library preparation.
Sequencing data have been uploaded to the Metagenomics Analysis Server (mg-rast.org) under submission number MGP88128.
| Data analysis
Mothur v 1.39.5 (Schloss et al., 2009 ) pipeline (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013) was used to process the sequencing data with the Greengenes 13_5_99 database (DeSantis et al., 2006) for the 16S reads, and the UNITE database (Kõljalg et al., 2003) was used for ITS reads. The parsimony method was used to compare the structure of microbial communities (Schloss et al., 2009 ). Student's t test was used to estimate statistical significance unless otherwise noted, with significance level set to 0.05.
| RE SULTS

| Bacterial composition changes significantly in ALL in feces, but not in SI
Bacterial compositions were determined on the genus level based on sequencing the V4 region of the 16S rRNA gene, with an average read number of 189,433 per sample. Compositions were compared in feces (Figure 1 , Figure A1 ) and the small intestine (Table 1) between control and leukemic mice.
The composition of bacterial microbiota in feces differed significantly (p < .05) between leukemic and control mice (Table 1) .
However, bacterial compositions showed no changes in the SI between control and leukemic mice. As expected, the microbiota in the small intestine differed from the microbiota in feces in control mice (Gu et al., 2013; Marteau et al., 2001; Onishi et al., 2017) .
Interestingly, there was no difference between microbiota compositions in SI and feces in leukemic mice.
Alpha diversity, measured by the Shannon diversity index, did not differ significantly (3.47 in leukemic mice, and 3.37 in control mice [p > .05]), although the distribution of the number of OTUs was broader in the leukemic group ( Figure A2 ).
| The change in bacterial communities in feces is mainly caused by opportunistic pathogens
The composition changes of the microbiota in leukemic feces showed a decreased proportion of bacteria compared to the control group, which are commonly considered beneficial for the host (Clostridiaceae_02d06, Lactobacillus, Streptomyces [Seipke, Kaltenpoth, & Hutchings, 2012; Walter, 2008] ; Figure 2 ).
Population-level analysis using metastats (White, Nagarajan, & Pop, 2009 ) revealed that the main driver of compositional difference was a lower proportion of Clostridiaceae in leukemic feces (p < .001).
Leukemic samples had an increased ratio of pathogenic bacteria (Staphylococcus, Streptococcus, Ralstonia, Lactococcus), which are opportunistic pathogens present in the microbiota. These pathogens are commonly detected in bloodstream infections in leukemia and can lead to outbreaks in ICUs and immunocompromised patients (Chen et al., 2017; Gyarmati et al., 2016) .
Principal component analysis (PCA) was performed to analyze differences in microbiota distributions. PCA graph shows that leukemic and control samples clustered differently ( Figure 3 ). However, it also indicates an even greater difference between batches ( Figure   A3 ), implying the necessity to use multiple batches and/or littermates for metagenomics comparisons (Stappenbeck & Virgin, 2016) .
| Bacterial diversity in the small intestine
The Shannon diversity index in the SI was 2.02 for leukemic mice and 2.38 in control mice (p > .05). There was no significant difference in the SI bacterial diversity between control and leukemia mice. A significant difference was shown in control mice between feces and SI in Shannon diversities (p < .05) as observed in physiological conditions (Gu et al., 2013; Marteau et al., 2001; Onishi et al., 2017) .
However, there was no significant difference in diversities in leukemic mice between feces and SI.
Similarly to the fecal compositions, the abundances of Lactobacillus, Adlercreutzia, and Turicibacter in SI were higher in control mice than that in leukemic ( Figure 4 ). Our results also show increased proportions of Butyrivibrio, Anaeroplasma, and Oscillospira in leukemia ( Figure 4 ). Butyrivibrio is a butyrate-producing Clostridia and commonly found in the mammalian microbiota (Fabbiano, 2017) .
Oscillospira is elevated in colorectal cancer (Hibberd et al., 2017) and associated as an early marker for small intestinal damage and metabolic disorder (Hamilton, Boudry, Lemay, & Raybould, 2015) .
Anaeroplasma is an opportunistic pathogen and has been reported in inflammatory gut (Zeng, Ishaq, Liu, & Bukowski, 2018).
| Functional prediction of the bacterial microbiota
We used Picrust (Langille et al., 2013) for predictive functional profiling of the microbiota. The analysis indicates an increase in bacterial chemotaxis and flagellar assembly in the SI in leukemia ( Figure   A4 ) and was not observed in feces ( Figure A5 ). This may also suggest that the composition change of the gut microbiota in leukemia, associated with its functional change, contributes to bacterial translocation (Wiest & Rath, 2003) . All functions shown in Figures A4-A6
were significantly different (p < .05) between control and leukemic mice.
In the small intestine, the proportion of bacteria with the function of the conversion of dietary flavonoids increased in leukemia ( Figure A4 ). Flavonoids may contribute to the pathogenesis of pe- . Flavonoids may also have a beneficial effect on host health (Braune & Blaut, 2016) , although this effect is poorly explored. In addition, flavonoids may benefit cancer prevention and oncotherapy in leukemias as well (Spagnuolo et al., 2012) . In feces, the response to bacterial infection was also increased in leukemia ( Figure A5 ).
| Fungal microbiota did not change significantly in ALL mouse model
ITS analysis indicated no significant difference in fungal fecal or SI compositions between leukemic and control mice. However, in feces, there was a significant difference in fungal compositions between batches as observed in bacterial compositions (p < .05, Figure A3 ).
Shannon diversity index was 2.48 ± 0.67 (mean ± SD) in leukemic and 2.56 ± 0.59 (p > .05) for control mice ( Figure A6 ). Interestingly, there were no fungi detected in the small intestine of leukemic mice, while all the samples from control mice contained fungal reads.
| Weight of leukemic and control mice
Weight was measured for all mice twice a week, firstly to provide humane endpoint, and secondly as weight loss could be a possible confounder for microbiota composition. There was no significant difference in weight between the control and leukemic groups.
| D ISCUSS I ON
BSI is a severe complication and a major cause of mortality in ALL. SI is the primary site for BSI due to its permeability as absorption of nutrients takes place in the SI (Belkaid & Hand, 2014; Wiest & Rath, 2003) .
Therefore, most of the detected pathogens in BSI are opportunistic pathogens (Gyarmati et al., 2015) , as a result to a loss of immune cells in GALT and damaged intestinal barrier (Song & Gyarmati, 2019) . opportunistic pathogens in the gut, which may explain the frequent occurrence of certain pathogens detected in BSI in ALL (Hakim et al., 2018; Viaud et al., 2015) . Several reports also indicated that the microbiota is a major origin of causative pathogens in BSI in immunocompromised patients (Belkaid & Hand, 2014; Cornely & Schirmacher, 2001; Gyarmati et al., 2016; Wiest & Rath, 2003) and our results suggest a selection of opportunistic pathogens in the microbiota in ALL.
Specifically, our findings support the increase of pathogenic bacteria in the feces of ALL mice (Clostridiaceae and Streptococcaceae), which was also reported in pediatric patients with ALL during chemotherapy (Hakim et al., 2018; Taur et al., 2012) . In addition, there was an elevation of Lactobacilli in controls compared to leukemic feces in our study, which was also demonstrated in a different ALL mouse model system using denaturing gradient gel electrophoresis (Bindels et al., 2012) .
We have also shown predicted functional changes in gut bacteria, which may promote BT and subsequent BSI (e.g., bacterial chemotaxis and flagellar assembly in the small intestine, Figure A4 ). Even though leukemic and control mice had a significant difference in microbial composition, there was also a significant difference between batches of mice ( Figure A4 ). Therefore, this study also highlights the importance of batch and littermate controls in rodent metagenomics studies.
Short-chain fatty acids (SCFAs) are microbial metabolites derived from dietary fiber in colon and play an essential role in body health.
Butyrate is one of the most important SCFAs for host gastrointestinal health, by providing nutritional source to epithelial cells and stimulating regulatory T cells (Zhang et al., 2016) . In addition, butyrate may also affect cell differentiation in ALL (Miller, Kurschel, Osieka, & Schmidt, 1987) . Our results show that both of butyrate-producing genera, Anaerostipes and Coprococcus, had increased proportion both in feces and SI in leukemic animals (Figures 2 and 4) . Anaerostipes is also elevated in colitis (Zhang et al., 2016) . As a propionate and acetate producing genus, Akkermansia is elevated in controls in feces and decreased in SI (Figure 2 ; Koh, De Vadder, Kovatcheva-Datchary, & Bäckhed, 2016; Louis & Flint, 2017) ; however, there is an elevated proportion in colon cancer (Weir et al., 2013) .
Fungi consist of <0.1% of the microbiota and are often overlooked in microbiota analyses, even though they may perform important physiological functions (Hillman, Lu, Yao, & Nakatsu, 2017) . Based on ITS sequencing, our results confirmed that the murine SI contains a variety of fungal microbiota (Scupham et al., 2006) in physiological conditions, but there were no fungi detected in the SI of leukemic mice. Bacterial diversity also showed a decrease in SI in leukemic mice, although the change was not significant. Possibly this change of fungal diversity is due to an increased intestinal permeability (Allert et al., 2018; Song & Gyarmati, 2019) in ALL. Fungal communities in the feces did not show a significant difference between leukemic and control mice, possibly due to the low concentration of fungi in feces in physiological status (Hillman et al., 2017) .
There are several limitations of this study. We have used a limited number of mice (n = 8 for control and n = 8 for leukemic group); however, mice are coprophagic and were co-housed to ensure effective microbiota transfer, and there were no significant differences in microbiota compositions in individual mice. In addition, we have used a mouse model which utilizes immunocompromised mice. As all mouse models, this model has a limitation of modeling the human clinical case (e.g., there are considerable differences between the human and mouse gastrointestinal tracts), but the xenograft model is a well-established ALL mouse model, allowing to model patient-specific disease characteristics (Nijmeijer et al., 2001) . 
| CON CLUS IONS
